Abstract: Airtightness plays a significant role in the energy efficiency of buildings. In this paper, we investigated how varying the type of window affects the airtightness values of residential units. We studied three sets of residential units, each comprising two residential units with the same geometry and year of construction, varying only the installed window type and window-frame material. A brief explanation is included of the blower-door method, used in field-testing the airtightness of residential units. Replacing the old windows in the residential units with newer windows significantly improved the airtightness. To generalize these results, further research is needed with larger samples.
INTRODUCTION
The ever-growing demand for energy requires new technologies for utilizing renewable energy, as well as rational consumption of available energy. Sustaining and developing global civilization depends on the providing sufficient cheap energy while protecting the environment.
Buildings are complex energy systems and the greatest individual consumers of energy, and the European building sector is responsible for consuming about 40% of all primary energy [1] . This energy is partly wasted because buildings constructed several decades ago do not meet the energy efficiency requirements of current legislation in the European Union. Many of these buildings will continue to be used for many more years; unless their energy performance is improved, they will continue to needlessly consume massive amounts of energy for heating, cooling, appliance operation, and lighting.
In building design, it is rational to combine insulation with air-tightening of the building envelope [2] . Airtightness is an important factor that affects the energy efficiency, thermal comfort, and indoor air quality of buildings, so understanding airtightness is important for designing new buildings and retrofitting existing buildings [3] . When measuring the airtightness of buildings, a blower door is used to assess the relationships between the pressure difference over the building envelope, ∆P [Pa] , and the air flow rate through the building envelope, Q [m 3 /h] [4] . The "building envelope" refers to several types of opaque and transparent perimeter structures or elements, which separate the internal heated (cooled) space from the external unheated (uncooled) space.
This research clarifies how changing the transparent perimeter structures of residential units affects their airtightness values. We accomplished this by field-testing the airtightness values of three pairs of residential buildings, each comprising two residential units with same geometry and year of construction, differing only the window type, window age, and the window-frame material. In each set, the first unit had the original, old windows, and the second unit had new, replaced windows.
PREVIOUS RESEARCH
Many factors affect the airtightness values of buildings, including their window type, frame materials, and building age. Because of the ever-increasing demands for cooling buildings by mechanical means, Sfakianaki et al. studied the airtightness of 20 houses in Greece [5] . They found a correlation, at a pressure difference of 50 Pa, between the airtightness and the total length of the window frames, mainly in ''low airtightness'' buildings. However, this sample is very small, and many more experiments are required.
A study in Great Britain assessed the airtightness of 287 residential units constructed after 2006 [6] , finding the average air permeability of UK dwellings to be 5.97 m 3 /(h m 2 ) at 50 Pa, much better than values found in older buildings and previous research [6] . The newly build UK dwellings were more airtight than those in some other countries, including Greece and the US, but they were still significantly leakier than those in Canada and Scandinavia. Figure 1 shows how the airtightness of buildings in Croatia has improved over the years, which is expected because of advances in construction design and technology [2] . 
Figure 2 Relationship between specific heat demand and air changes [7]
Airtightness can be affected by the design and management concept, design details, structure type, construction method, type of thermal insulation, number of storeys, surface area of the building envelope, floor area, construction quality and supervision, season, climate, maintenance, type of unit, joinery, frame materials, window frame length, total frame length, building age, number of significant cracks, and management context [2] . This paper analyzes how the window age, window-frame materials, and building age affect airtightness values.
RESIDENTIAL UNITS AIRTIGHTNESS MEASUREMENTS
The term "airtightness" pertains to the intensity of the uncontrolled flow of air through the building envelope, caused by a pressure difference between the interior and exterior air. Uncontrolled leakage of air can occur through joints, connections between different materials, dilatations, and other permeable points in the building envelope. Building regulations often give airtightness requirements [4] . Airtightness is most often measured by the pressure difference method (the blower door test), described in detail in the HRN EN 13829:2002 standard (Thermal performance of buildings -Determination of airtightness of buildings -Fan pressurization method). In the Republic of Croatia, this method is described by a technical regulation related to rational use of energy and thermal protection in buildings (Official Gazette No. 97/14). In this report, we measured airtightness by using a blower door in accordance with EN ISO 13829.
All our experimental results were acceptable because they fulfill the EN ISO 13829 criteria [5] :
• the wind speed must be lower than 6 m/s • the product of the maximum building height [m]and the temperature difference between outdoor and indoor dry bulb temperatures must be lower than 500 mK • the building's volume must be less than 4000 m 3 EN ISO 13829 describes two methods, used depending on the purpose [8, 9] : • Method A -The condition of the external building envelope must be representative for the season when heating or cooling systems are used, without additional sealing.
• Method B -All the designed openings in the building envelope must be sealed. We used method A (common building use) of EN ISO 13829 while also applying a pressure difference of 50 Pa to fulfill the requirements of EN ISO 13790. Prior to measuring the airtightness of buildings, one must gather the required data on the floor area and volume, as well as the surface area of the envelope building.
The measurement device is connected to a computer via a USB port and uses TECTITE Express 3.6 software. After installing the program and entering the required data, the device measures the initial pressure difference between the exterior and interior space, which cannot exceed 5 Pa. If the difference is greater than that, the measurement must be repeated or postponed until the wind-which significantly influences the pressure difference-recedes. We measured the airtightness using a DG-700 Minneapolis Blower Door, shown in Figure 3 .
Figure 3 Blower door fan with manometer DG-700 [10]
Airtightness results are often presented in one of the following ways [11] : • n50, ACH at 50 pascals: The air changes per hour at 50 pascals, applied uniformly across the building envelope. • q50, flow at 50 pascals / unit surface area: The flow at 50 pascals divided over the surface area of the building or unit envelope. This calculation adjusts (or normalizes) the building leakage rate by the surface area of the building. These measurements were conducted during 2013 and 2014 in Osijek. Three sets of residential units were chosen, each set comprising two identical residential units. Table 1 shows the characteristics of the residential units from all three sets. As Table 1 shows, the following properties of both residential units were identical: volume, surface area, floor area, year of construction, area of the transparent part of the residential unit envelope, layers in external walls, and ceiling type. The only differences between units in each set were the window glazing and frame material. The renovated units had new windows installed after 2005, replacing the original, old windows from when the buildings were constructed. Table 2 shows the measured airtightness values of the residential units; for each set, it gives the air changes per hour at 50 pascals (n50) as well as the flow at 50 pascals divided by the surface area of the residential unit (q50).
These results show that replacing the old, original windows in the residential units with new windows greatly decreased the airtightness values. 
DISCUSSION
Using the airtightness results, we analyzed the airtightness of each building set by calculating the relative reduction in airtightness (n50 and q50), as shown in Table 3 . Table 3 shows the measured properties of the mixtures. In this study, the old wooden windows were replaced with new PVC windows with double-insulated glass with a sealed layer of air, reducing airtightness by ~ 3% in all residential unit sets to an average n50 of 1.07.
We compared the airtightness (n50) of the renovated units to the mean airtightness for buildings constructed in various time period, as shown in Replacing old windows with new ones also affected the heat losses in residential units, as demonstrated in Figure 2 . Table 4 shows these heat losses, demonstrating that the heat losses in the non-renovated units were caused by higher airtightness values compared with those of the renovated units. Replacing old windows with new ones saved vast amounts of energy: in this study, heat losses decreased by 72.61-83.64%. 
CONCLUSION
In this paper, we investigated how varying the type of window affects the airtightness values of residential units.
Results from three sets of residential units were presented, each comprising two residential units with the same geometry and year of construction, varying only the installed window type and window-frame material. By analyzing our results, we came to the following conclusions:
• Replacing old windows in the residential units with newer windows significantly improved airtightness, which affects heat losses • Heat losses in the non-renovated units were caused by higher airtightness values compared to those of the renovated units • Replacing old windows with new ones saved vast amounts of energy: in this study, heat losses decreased by 72.61-83.64% • To generalize these results, more research must be done with larger samples By quantifying the energy savings in residential units, we found that replacing old windows with new ones improved energy efficiency. Further investigation should address how the installation quality of the windows and the frame material influence the airtightness values.
